Abstract. C-reactive protein (CRP) and oxidized low density lipoprotein (oxLDL) serve major roles at both early and advanced stages of atherosclerosis. CRP exists in two isoforms, monomeric (m) and pentameric (p), that bring about pro-or anti-inflammatory effects in macrophages. In addition, CRP may form a complex with oxidized low-density lipoprotein (oxLDL) via phosphatidylcholine, thus decreasing its pro-inflammatory effects within macrophages. The aim of the present study was to investigate the single and the combined effects of mCRP, pCRP and oxLDL on U937-derived macrophages. In the current study, U937-derived macrophages were treated in vitro with different combinations of CRP isoforms with or without oxLDL. The levels of major inflammatory cytokines [interleukin (IL)-1β, IL-6, IL-8 and tumor necrosis factor (TNF)-α] along with the production of reactive oxygen species (ROS) were determined. TNF-α and IL-6 levels were significantly decreased (P<0.05) by the effect of mCRP and pCRP combined with oxLDL. No significant changes were observed in IL-1β, IL-8 or ROS levels.
Introduction
Atherosclerosis is an inflammatory disease of arteries frequently leading to heart attacks and death (1) . Investigators have previously suggested that C-reactive protein (CRP) induce atherosclerosis via different signaling pathways (2) . Two isoforms of CRP have been identified thus far: pentameric (p)CRP and monomeric (m)CRP (3) . Although the role of these isoforms is debatable, the majority of studies suggested anti-inflammatory and pro-inflammatory roles for pCRP and mCRP, respectively (3) (4) (5) (6) .
One of the proposed mechanisms underlying CRP action suggests that circulating CRPs initially bind to adherent platelets at the endothelial level of the artery. Subsequently, these activated platelets (7, 8) whereby other cells (9) trigger the dissociation of pCRP into five monomers on its membrane. mCRPs activate monocytes through the inflammatory process, as previously described (10) .
Both oxLDL and CRP (in its two isoforms) are co-localized in human atherosclerotic plaques and form complexes with glycoproteins (11) . In vitro, the complex formed between oxLDL, CRP and lysophosphatidylcholine demonstrates a decreased pro-inflammatory activity suggesting an ability to slow the progression of atherosclerosis (12) .
Macrophages in the plaque release different types of cytokines including: interleukin (IL)-1β, IL-8 (13), and tumor necrosis factor (TNF)-α (15) and produce reactive oxygen species (ROS) (16) to induce inflammation. These molecules affect formation, development and the destabilization of atherosclerotic plaques (17) . Moreover, they activate adhesion molecules on endothelial cells causing further recruitment of monocytes in the arteries (5, 10) . Furthermore, ROS induces vascular diseases by causing endothelial cell dysfunction, increasing inflammatory cell recruitment in the arteries (18) .
Previous studies have utilized different models to investigate either the effect of CRP isoforms, or that of pCRP in combination with various forms of LDL, on monocytes and macrophages (6, 19) . Interestingly, very few studies suggested a possible interaction of these three molecules with plaque cells that may interfere with the plaque development and/or rupture (11) . Furthermore, studies investigating CRP effects used CRP preserved with azide, which may cause misleading results with regards to cytokine release (20) (21) (22) (23) .
In the present study, we investigated the single and combined effects of azide-free CRP isoforms and oxLDL on the release of inflammatory cytokines (IL-1β, IL-6, IL-8, TNF-α) and ROS by U937-derived macrophages in order to obtain a better understanding of the role of these important molecules in the inflammatory process associated with atherosclerosis.
Materials and methods
CRP monomerization. Human mCRP was obtained by heating human pCRP (catalog. no. 140-11-5; Lee Biosolutions, The combination of CRP isoforms with oxLDL decreases TNF-α and IL-6 release by U937-derived macrophages MO, USA) at 80˚C for 70 min, as previously described (20) . CRP monomerization was confirmed by SDS-PAGE (12.5% polyacrylamide gel; 20 µg protein/lane), which revealed the existence of a 40 kDa band, thus verifying efficient monomerization (data not shown).
U937 cell culture, differentiation and treatment. The human monocytic cell line, U937 (kindly provided by Prof. Marwan El Sabban, American University of Beirut, Beirut, Lebanon), was cultured in growth medium composed of RPMI-1640 medium supplemented with penicillin (100 U/ml), streptomycin (100 µg/ml), L-glutamine (2 mM) and 10% fetal bovine serum (FBS; all from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and maintained at 37˚C in a humidified 5% CO 2 atmosphere. Growth medium was replaced every two 2-3 days. U937 monocytes were induced to differentiate into U937-derived macrophages by culturing cells in the presence of 100 nM phorbol-myristate-acetate (PMA; Sigma-Aldrich; Merck KGaA) for 24 h. Macrophages were washed with phosphate buffered saline (PBS) and cultured for an additional 24 h in growth medium. Following 24 h culture period, macrophages were washed with PBS, detached via gentle scraping and finally collected by centrifugation at 240 x g, 4˚C, for 5 min. Cell viability was evaluated by the trypan blue exclusion method (24) and was >80% in all experiments. Macrophages were seeded at an initial density of 7x10 5 viable cells in 24-well plates and allowed to adhere for 24 h. Macrophages were then cultured in growth medium supplemented with polymyxin B (25 µg/ml, Sigma-Aldrich; Merck KGaA) and then either left untreated or treated with 25 µg/ml of mCRP, pCRP, oxLDL (medium oxidized low density lipoprotein, Kalen Biomedical, LLC, Germantown, MD, USA) alone or in combination. Culture supernatants were collected after 24 h and stored at -80˚C for later cytokine analysis.
Enzyme-linked immunosorbent assay. IL-1β (R&D Systems, Inc., Minneapolis, MN, USA), IL-6, IL-8 and TNF-α (PeproTech, Inc., Rocky Hill, NJ, USA) levels were assayed in culture supernatants according to the manufacturers' instructions. Samples were analyzed in duplicates and absorbance was measured via Epoch microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).
ROS assay.
To evaluate intracellular ROS production, U937-derived macrophages were collected, washed and incubated with 10 µM 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCF-DA; Thermo Fisher Scientific, Inc., Waltham, MA, USA) for 45 min at 37˚C in the dark. Cells were then washed and finally resuspended in cell wash solution (BD Biosciences, Franklin Lakes, NJ, USA). The mean fluorescence intensity of DCF was measured within 30 min by FACSCalibur and CellQuest software, version 5.1 (BD Biosciences).
Statistical analysis. Statistical analysis was carried out using GraphPad Prism software (version 6, GraphPad Software, Inc., La Jolla, CA, USA) by performing one way analysis of variance followed by Tukey's multiple comparison post hoc test. Data is presented as mean values ± standard error of the mean. P<0.05 was considered to indicate a statistically significant difference.
Results
Cytokine release. TNF-α, IL-1β, IL-8 and IL-6 release by U937-derived macrophages treated with mCRP, pCRP and/or oxLDL for 24 h was assessed via ELISA. TNF-α levels, produced by U937-derived macrophages, were similar to the control for all samples treated with one of the CRP isoforms alone or in combination with oxLDL. However, the combination of both CRP isoforms significantly reduced TNF-α release by ~1.5-fold. Similarly, the triple combination demonstrated a similar decrease when compared to the samples treated with pCRP alone or combined with oxLDL (Fig. 1A) .
The presence of pCRP and oxLDL in the treated sample lowered the release of IL-6 by 7-fold when compared to the samples treated with both CRP isoforms or in the combination of mCRP and oxLDL. A further decrease (13-fold) was observed in the triple combination, which was also significant as compared to the samples treated with either isoforms (P<0.05; Fig. 1B) .
In contrast, no significant variations were observed neither for IL-1β nor IL-8 release by U937-derived macrophages under different treatment combinations (Fig. 1C and D) .
ROS detection.
Although the intracellular ROS level induced by stimulating U937-derived macrophages with H 2 O 2 (positive control) was significantly high, no significant differences were observed following 24 h of exposure to different combinations of CRP and oxLDL (P>0.05; Fig. 2 ).
Discussion
The role of CRP isoforms has been controversial in the development of atherosclerosis. Although mCRP, pCRP and oxLDL are present at the plaque level, the combined effect of these three factors on the cytokine release by macrophages has not been established yet in vitro. In the present study, we adopted the U937-derived macrophages model to investigate the effect of these factors, as single or in different combinations, on the release of selected inflammatory markers known to be correlated with the atherosclerotic process.
In the current experiment, secreted TNF-α levels were similar in samples treated with one of the parameters added (mCRP, pCRP and oxLDL) and in those containing either one of the CRP isoforms with oxLDL. However, the combination of the isoforms (mCRP with pCRP) with or without oxLDL lowered TNF-α release as compared to untreated cells, cells treated with pCRP alone or with oxLDL.
As expected, IL-6 levels increased in the presence of pCRP or oxLDL; however, this failed to reach statistical significance. Interestingly, IL-6 released in presence of the double combination lacking mCRP was less than the other treatments, except the one with oxLDL alone. This decrease was more pronounced in the triple combination sample. This lowering of IL-6 for combinations containing pCRP suggested that pCRP may have the major role in the downregulation of IL-6 release by U937-derived macrophages stimulated with mCRP and oxLDL.
These results suggested a possible interaction between CRP isoforms lowering TNF-α and IL-6 release by U937-derived macrophages in presence and absence of oxLDL. Therefore, it may be suggested that the presence of mCRP and pCRP decreases TNF-α and IL-6 secretion by macrophages that may decelerate the process of inflammation.
Previous studies have demonstrated that high level of TNF-α is associated with an increased inflammatory activity in the blood as well as increased levels of IL-6 (25). OxLDL and CRP stimulate activated macrophages to release TNF-α, IL-6 and other cytokines that induce vascular and macrophage activation, thus leading to inflammation (26, 27) . According to the present study, the triple combination reduces the release of these cytokines, which may retard the inflammatory process associated with atherosclerosis. These two pro-inflammatory cytokines levels were increased in elderly and people prone to atherosclerosis (28). Moreover, an increased level of IL-6 exacerbates the atherosclerotic lesions (19, 29) . Therefore, lowering these pro-inflammatory cytokines release may reduce atherosclerosis progression (30) .
Unlike other studies, these results are not influenced by the presence of azide used for CRP preservation that induces TNF-α release (3, 4) .
The current results support previous studies attributing the pro-inflammatory effects to mCRP rather than pCRP. However, we further propose a possible interaction between the three molecules leading to the observed anti-inflammatory effects on the model cells tested.
Neither IL-1β nor IL-8 levels were affected by any of the treatment combinations. IL-1β, mainly secreted by monocytes and activated macrophages, has an important role in the progression of atherosclerosis (19, 31) . However, IL-8 serves an important chemotactic role in inflammation and in recruiting neutrophils and other cells to adhere to endothelial cells at the # P<0.05 vs. all other conditions. ROS, reactive oxidative species; MFI, mean fluorescence intensity; DCF, dichlorofluorescein; mCRP, monomeric C-reactive protein; pCRP, pentameric C-reactive protein; oxLDL, oxidized low-density lipoprotein. site of inflammation. It is also released by various types of cells including key cells involved in atherosclerosis, such as monocytes, macrophages and T lymphocytes (32) .
The levels of released ROS by U937-derived macrophages were similar among all the different treatment conditions. A previous study has reported that CRP induced ROS production by THP-1 macrophages in a time dependent manner (33). However, it was not indicated which CRP isoform was responsible for the increased ROS induction by THP-1 macrophages. Therefore, future experiments will aim to investigate ROS production by U937-derived macrophages following shorter treatment periods with CRP isoforms.
The present study demonstrated that a combination of mCRP and pCRP in the presence of oxLDL would decrease TNF-α and IL-6 production by U937-derived macrophages. However, no significant effects were observed for IL-1β and IL-8, nor for ROS levels in any of the treatments tested. Therefore, the combination of CRP isoforms may stabilize and decelerate the atherosclerotic process. However, additional in vivo and in vitro studies are required to investigate the effects of this combination either on the arteries or on other cell types that have crucial roles in plaque development. Recent studies have been targeting pCRP dissociation as a novel therapy for atherosclerosis (34) .
